(Received for publication August 6, 1934) The clinical conception of emphysema of the lungs appears to be poorly defined. Several types of the disorder may be recognized. It has become highly important to differentiate clearly these types, to decide whether they are due chiefly to anatomical or functional derangements. An equally important consideration is the quantitative estimation of the degree of respiratory disability; a problem which is encountered in all cases of chronic pulmonary disease. In spite of the numerous observations on the etiological factors and functional pathology in diseases of the respiratory system a review of the literature fails to disclose a serious or sustained effort in correlating the abnormalities observed and the degree of the respiratory insufficiency.
Studies of the total pulmonary capacity and its subdivisions in normal subjects and in patients with chronic respiratory disease, mainly pulmonary fibrosis and emphysema, were begun a few years ago in this clinic to learn whether the failure of respiratory adjustment to increased demand for ventilation in these cases is related proportionally to alterations in the pulmonary capacity. The observations on the cases of pulmonary emphysema are presented in this communication.
METHODS
The terminology and the methods employed for the determination of total pulmonary capacity and its subdivisions, as well as the findings in ' The expenses of the investigation were defrayed from a fund contributed by the Corning Glass Company, The Eastman Kodak Company, The American Grinding Wheel Manufacturing Association, The American Laundry Machinery Company, The Gleason Works, The Symington Company and the Pfaudler Company. 2 Travelling Fellow of the Rockefeller Foundation; Fereday Fellow, St. John's College, Oxford.
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PULMONARY CAPACITY: EMPHYSEMA normal subjects, have been fully presented in previous papers (1) , (2) .
For convenience we may briefly summarize the usual procedures. After a previous rest and with the subject in the recumbent position the residual air was determined by the oxygen dilution method of Christie (3) ; the vital capacity, reserve and complementary air were graphically recorded. Two observations were made in each case. The external chest measurements were taken, and immediately afterwards with the subject in the same recumbent position a doubly exposed roentgenogram of the chest was obtained at the respiratory positions of forced expiration and inspiration. Measurements were made on this film to determine the degree of chest expansion, and by means of a planimeter the areas of the lung fields at maximum expiration and inspiration. The latter area multiplied by the anteroposterior diameter of the chest in the same respiratory position gave the so-called " radiological chest volume," from which the corresponding normal pulmonary capacity was predicted in each case by means of a regression formula. In each case the observed volumes were compared with the predicted values.
It was anticipated that difficulty would be encountered in establishing a complete admixture between the oxygen-air mixture in the spirometer and the large volume of residual air in the lungs during the rebreathing period in cases of pronounced emphysema. However, we have found that this is not the case. Repeated determinations of the residual air on the same patients have agreed closely, not only during the same day, but also in later observations, and it is quite unlikely that the same degree of imperfect mixing would occur each time. We have concluded that the oxygen dilution method of Christie is applicable to the study of cases of this nature, but as in previous studies (4) we have found it to be more convenient to determine directly the residual air rather than the mid capacity (called " functional residual air" by Christie). It is important that the time of rebreathing be kept constant in all cases, because prolongation of this time may lead to a rise in the nitrogen percentage in the spirometerlung system due to the continuous excretion of nitrogen from the circulating blood into the alveoli, thus giving an error in the value for the residual volume. Failure to appreciate and correct for this error might lead one to the conclusion that imperfect mixing had occurred. In each of our cases we have employed a rebreathing period of seven minutes.
A summary of the important clinical findings in each case is given in an appendix at the end of this paper. A total of twenty-six cases has been studied, of which twenty-four were males and two females. The ages varied between 17 and 64 years with an average of 45 years; with the exception of two individuals, all were above 20 years of age. Most of the patients had bronchitic asthma, and had signs of emphysema or the complaint of constant shortness of breath. It is obvious that the present study has no statistical relation to the incidence of pulmonary emphysema in patients with chronic asthma, as the cases were selected onl the above basis.
In all cases a complete history and physical examination were recorded, including roentgenographic studies of the chest. In most cases an electrocardiogram was made. The usual complaints were dvspnea and cough, the duration of which varied between one and fortv years. Dyspnea was present in all cases. The patient's statement and the physical examination were carefully analyzed in an attempt to estimate the degree of dyspnea, which varied from a sensation of discomfort of which the patient was barely conscious during severe physical activity to marked shortness of breath occurring even at rest. A history of asthmatic attacks at frequent or infrequent intervals was given in all but three instances (Cases 1, 4. and 26), and chronic bronchitis with periods of exacerbations was a complaint common to all the patients. In no case was the determination of the pulmonary capacity or the roentgenological examination of the chest made during the acute respiratory distress of an asthmatic attack.
There was a wide range in the type of chest observed in these patients ranging from the typical barrel shaped emphysematous thorax to those in which the chest appeared of normal size and contour. Chest examination revealed in most cases an increased anteroposterior diameter, limited expansion, low position of the diaphragm, hyperresonance. prolongation of the expiration and scattered rales chiefly of the musical variety. In five cases clubbing of the fingers was present and in eight patients cvanosis of the lips and other mucous membranes was pronounced. The roentgenographic appearance of the lungs varied markedly. Among the most constant and prominent findings were increased linear markings, accentuation of the hilar shadows, increased radiability of the lung fields, flaring of the ribs with a widening of the intercostal spaces; in a few cases there was evidence of pleural thickening, and more infrequently of pleural adhesions about the diaphragm (see Figure 1 ). In one case the roentgenogram showed an enlargement of the left ventricle and in another a prominent pulmonary conus.
In sixteen cases electrocardiograms were taken. Five of them were interpreted as normal, and in six cases there was evidence of left ventricular preponderance. Myocardial damage was suspected in four cases and sino-auricular tachycardia was observed in two others. One patient showed an intraventricular conduction defect. In no case was there evidence of right ventricular preponderance. None of the cases had peripheral edema or revealed other signs of congestive heart failure. Although the symptoms of marked emphysema and those of cardiac decompensation are somewhat similar, we concluded after a careful consideration of the clinical, radiological and electrocardiographic studies that the cardiac factor played no prominent part in these cases. (20) in 5 cases of pulmonary emphysema.
Other measurements included blood volume, oxygen saturation of the arterial blood, etc. These observations will be presented in other communications and it.is sufficient to state here that no significant abnormality was found in the erythrocytes or in the volume of the blood, but a definite decrease in the oxygen saturation of the arterial blood was frequently observed.
Determinations of pulmonary capacity We have summarized in Table I the observed values for the total pulmonary capacity and its main subdivisions as compared with the corresponding normal values predicted on the basis of the " radiological chest volume." Such comparison may be better appreciated in Figure 2 . In the group of patients with emphysema the mean observed value for the vital capacity was 2.88 liters or a decrease of 38.8 per cent of the calculated value, with variations between 1.44 and 4.18 liters. The residual air was greatly increased; the average value was 2.84 liters or an increase of 110.3 per cent over that of the normal, with marked fluctuations between 1.39 and 5.82 liters, while the observed value for the total capacity showed a decrease of only 5.7 per cent of the normal value. It is evident that there was a wide range of variation in these observed volumes, ranging from rather moderate to marked deviations from the predicted capacities. But a close analysis reveals that there were certain constant findings in all cases chiefly characterized by a definite decrease in the vital capacity with a corresponding increase in the residual air, so that the total capacity as a rule approximated the normal value. Of the two components of the vital capacity the complementary air seemed to be the one most affected by the reduction. The mid capacity was also increased in all cases.
We must call attention to the fact that the normal values used for comparison in this series are based on observations in younger adults, and it is likely that the observed deviations from normality would not have been so great if normal subjects of similar ages had been used for comparison. That the vital capacity decreases with age is a well known fact, although according to several investigators (6) (7) (8) (9) a significant lowering is not evident until after 60 years of age. Whether this is accompanied by a corresponding increase in the residual air is not known and an investigation of this matter is now being made in this clinic. However, the changes are so constant and well marked that we do not believe that the general conclusions will be altered. It may be mentioned here that in the cases of the two female patients the normal values found for this sex (4) have been used for comparative purposes.
The observed relative values (total capacity = 100 per cent) of the main subdivisions of the total pulmonary capacity are presented in Table  II and graphically in Figure 3 . One may readily see that there is a marked decrease in the relative value of the vital capacity with a corresponding increase in the residual air. The mid capacity is also increased. The significance of these findings in relation to the respiratory disability will be discussed later. air is so great, as compared with that of the reserve volume, that the vital capacity is made up almost equally of these two subdivisions (see Figure  4 ). Whether this abnormal composition of the vital capacity, that is the relative increase in the reserve air, has a role in itself in the respiratory difficulty of the emphysematous patient is an important point to be considered in future studies.
Previous investigations of the pulmonary capacity in cases of emphysema have yielded results identical with those obtained by us. Bruns (10), Bittorf and Forschbach (11) vital capacity so that the total capacity is kept within normal limits. In a few cases the latter was found to be higher than the normal due to a great increase in the residual volume; Cases 3 and 10 in our series belong to this group.
Christie (18) in his study of seven cases of pulmonary emphysema calls attention to the fact that the reserve air is constantly decreased or even absent; an observation not entirely in agreement with our experience in this larger group of cases. Although the reduction in the reserve air has been frequently observed it has not usually been great, and even in cases of marked emphysema with a large increase in the residual air we have observed a nearly normal value of the reserve air, as compared with the considerable decrease in the complementary air. We have been unable to con- These data also show no relationship between the decrease in the reserve air and the increase in the residual volume or the decrease in the vital capacity. We do not believe that the failure to find this abnormality is due to any lack of cooperation or training on the part of the subjects, as only those who were intelligent enough to be reliable were selected for this study. In each instance at least four determinations of reserve air were made after normal tidal breathing and three observations of the vital capacity were made. In Figure 4 is shown the respiratory tracing of a patient to which the decrease in the reserve air after a full inspiration was observed. It may also be noted that the curved end of the respiratory tracing is evidence of the difficulty in accomplishing the last part of the expiratory act.
It would be of interest to know whether or not there is a larger respiratory dead space in cases of pulmonary emphysema. An increase in dead space would present a further obstacle to efficient alveolar ventilation. We have investigated this matter in 12 cases, the results of which are presented in Table IV . The data show that the observed values of the dead space vary considerably, being influenced chiefly by the depth of the respiration. This fact has been previously observed in normal subjects (4 space of emphysematous subjects, when calculated on the basis of the tidal volume and the carbon dioxide and oxygen percentages of the alveolar and expired air, was found to average 189 and 203 cc. respectively in observations in which the average tidal volume was 0.49 liter. These values were slightly higher than those usually found in normal subjects (dead space of 150 cc. for a tidal volume of 0.50 liter). However, since all investigators agree that no true sample of mixed alveolar air from subjects with pulmonary emphysema is ever likely to be obtained by the usual procedure, some caution must be used in accepting these results. In view of the questionable character of the calculations employed above we have commenced to use a new procedure for the measurement of the dead space in the hope of achieving more reliable results. The method consists in taking several samples of air in rapid succession during the course of a single expiration. The total volume of the expiration is graphically recorded, and the time and volume which has passed at the instant of taking each sample is shown. In this way the curve of the gradient of CO2 in a single expiration may be plotted and used as a basis for calculation of the dead space. These investigations are being carried out at the present time. Two of the curves are presented in Figure 5 , one obtained in a normal subject and another in a case of emphysema (Case 25). The point at which the carbon dioxide content of the expired air becomes constant is not appreciably different in the curves of these two subjects. Although no definite conclusion has been reached at the present time, it seems likely that the respiratory dead space in emphysema does not differ appreciably from that of the normal subject. Columns on the right represent the total air content of the lungs at the moment the expiration was started: black area represents the residual air; the upper white area is the tidal volume and the lower white area is the reserve air.
Column 1 corresponds to the normal subject and column 2 to the case of emphysema.
Chest expansion We have studied the expansion of the chest by means of a doubly exposed roentgenographic film taken at the respiratory positions of forced expiration and inspiration with the patient in the recumbent position. Measurements of the areas of the lung fields (by means of a planimeter) and of the excursion of the diaphragm and the lateral expansion of the chest, as well as the degree of rotation of the ribs gave a fairly good indication of the ability and extent to which the thorax may be expanded. Such measurements are summarized in Table V . The ratio, Area at maximum expiration X 100 Area at maximum inspiration had a mean value of 73.4 per cent with extremes of 56.6 and 90.9. This mean value was distinctly higher than the one obtained in the study of a group of normal subjects (62.2 with a standard deviation of 4.4). All cases, except two, showed a higher ratio than the mean normal value.
A more or less constant finding in this series of cases was a diminution of the diaphragmatic excursion and of the lateral expansion of the chest, the mean values of which were 4.0 and 2.4 centimeters respectively, as compared with the normal mean values of 6.3 and 3.2 centimeters. The degree of rib movement was also decreased in most cases and in some instances there was practically no rotation of the rib during the two phases of respiration. In spite of the wide variation in the measurements above mentioned it is evident that there is a definite diminution in the ability roentgenogram: at maximum expirato expand the chest in pulmonary emphysema, which tends to be proportional to the degree of abnormality in the ratio of residual air to total capacity.
DISCUSSION
The term empbysema is one which is frequently used loosely. Various types of the disorder may be recognized. One form is the compensatory emphysema which develops in some portions of the lungs when other portions are rendered airless by any one of a variety of pathological proc-esses. "Physiological" emphysema is found in individuals at high altitudes. The two remaining types may be described as the obstrutctive and non-obstructive. The former occurs in association with bronchial obstruction by bronchitis or asthma. The latter is believed to be due to extra pulmonary causes. Kountz and Alexander (19) have studied the nonobstructive type which they believe is due primarily to an increase in the size of the chest resulting from a straightening of the dorsal spine. In this type there is probably little if any loss of respiratory function. We have investigated one such case, the findings of which are presented in Figure 6 for the purpose of comparison with the obstructive type. In this case there was no history of dyspnea or any other symptomii referable to the respiratory system, the diagnosis of pulmonary emphysema was made on the suggestive appearance of the chest. Determainationi of the pulmonary capacity revealed a decreased vital capacity but a normal volume of residual air and a normal ratio of this volume to the total capacitv. This case serves to emphasize the importance of differentiating the two types, one of which appears to be chiefly an anatomical abnormlalitv in which respiratory function is slightly disturbed, the other a funictional disturbance of great clinical significance. Determinations of pulmoniary capacity are helpful in deciding to which group an individual case belongs.
From the clinical history of our patients it will readilv lbe seen that they belong to the obstructive type of emphysema, with respiratory disal)ility of varying degree. There was a history of chronic bronchial asthma or bronchitis in all cases. A comparison of this group as a whole with that of normal male subjects studied under similar conditions and with identical technique will be helpful in understanding the different factors which enter into the pathological physiology of pulmonary emphysema. Such comparison is made in Table VI and Figure 7 . Patients with emphysema are characterized as a rule by an unusually voluminous chest, by a low position of the diaphragm. The chest in such cases tends to assume a rounded as well as an elongated shape, as though it were permanently in the position of deep inspiration. Such an abnormal chest moves less than that of a normal man and this diminution of expansion was demonistrated by the limited excursion of the diaphragms, by less than normal change in the lateral and antero-posterior diameters of the chest and by the decreased rotation of the ribs. These abnormalities in the menisuration -of the thorax are strikingly reflected and paralleled by alterations in the capacities of the lungs. The amount of air which such a patient is able to take into his lungs by a forced inspiration is markedly reduced, and this is due, literally speaking, to the fact that these organs already contain an increased volume of air. In obstructive emllphysema the mid capacity at the end of the usual expiration is higher than normal, with the result that each tidal inspiration must diffuse with a larger volume The functional abnormalities of the emphysematous lungs have been discussed recently by Christie (18) in a most interesting and careful study. According to this investigator (to whom we refer the reader for a complete presentation of the related literature) the fundamental factor in the emphysematous lung is a loss of elasticity causing a gradual increase in the residual air, as the lungs yield to the continuously exerted negative pressure at the pleura. The intrapleural pressure increases, shifting to positive values, a fact which has been reported by other investigators (Kountz, Pearson and Koenig (20)). It is obvious from these observations that we are dealing in pulmonary emphysema with a fundamental abnormality in the mechanics of the respiratory process concerned with the proper alveolar ventilation, the importance of which has been admirably summarized by Peabody (21) in the following sentence: "Nevertheless, it remains true that the respiratory process is initiated in the rhythmic expansion and collapse of the lungs and all other phases of respiration depend primarily on the comparatively simple mechanical movements." When we consider the relationship of abnormal pulmonary capacities to the degree of respiratory disability we find in the literature that of all the subdivisions, the vital capacity is the one to which chiefly attention has been paid, especially in the fundamental and classical work of Peabody (25) wrote: "the efficiency of the pulmonary ventilation would appear to rest upon the relationship between the residual air and the total lung capacity." Robb and Weiss (26) in 1932 reported that both in cardiac patients and in those with hyperthyroidism the ratio of residual air to the vital capacity was correlated with the degree of dyspnea present and that this ratio decreased as the condition of the patient improved. We have correlated in Table VII sidual air to total capacity.3 The degree of dyspnea was estimated from the history and in a few cases from actual observations made during physical activity. A striking relationship between the degree of dyspnea and the value found for the ratio, Total capacity X 100 is shown in Figure 8 . From such correlation it appears, that the increase in this ratio is not only a constant feature of pulmonary emphysema but that its value is closely related to the degree of respiratory disability, furnishing a quantitative basis for the estimation of the latter.
The importance, from the diagnostic and prognostic points of view, of having such a quantitative estimation is obvious. Yates (27) relationship was found between these factors, suggesting that there must be other factors apart from the chronicity of the asthma influencing the development of pulmonary emphysema in these patients. ]Finally we wish to call attention to the absence of serious cardiac complications in this group of cases of pulmonary emphysema. This is in agreement with the investigations of Alexander, Luten and Kountz (28) and Kountz, Alexander and Dowell (29) .
SUMMARY AND CONCLUSIONS
Determinations of total pulmonary capacity and its subdivisions and measurements of the capacity to expand the chest have been made in twenty-six cases of pulmonary emphysema of the obstructive type. The findings have been correlated with the degree of respiratory disability, and lead to the following conclusions:
1. The ability to expand the chest in pulmonary emphysema is diminished.
2. There are definite alterations in the subdivisions of the pulmonary capacity consisting chiefly in absolute and relative decrease in the vital capacity, and absolute and relative increase of the mid capacity and residual air. The total capacity is as a rule normal.
3. The decrease in the vital capacity affects chiefly the complementary air. Decrease or disappearance of the reserve air after a deep inspiration is not a constant finding in all cases of pulmonary emphysema. 4 . Although no definite conclusion has been reached as to the value for the respiratory dead space in pulmonary emphysema it appears likely that no significant alteration from normal is present.
5. The degree of respiratory disability has been found to be closely correlated with the ratio, Total caairy X 100. The higher this ratio Toa apacity the more pronounced is the failure of respiratory adaptation to physical activity. 6. The significance of this ratio as an indication of the efficiency of the alveolar ventilation, and its usefulness in pulmonary emphysema for diagnostic and prognostic purposes has been discussed.
